Neural crest development involves epithelial-mesenchymal transition (EMT), during which epithelial cells are converted into individual migratory cells. Notably, the same signaling pathways regulate EMT function during both development and tumor metastasis. p53 plays multiple roles in the prevention of tumor development; however, its precise roles during embryogenesis are less clear. We have investigated the role of p53 in early cranial neural crest (CNC) development in chick and mouse embryos. In the mouse, p53 knockout embryos displayed broad craniofacial defects in skeletal, neuronal and muscle tissues. In the chick, p53 is expressed in CNC progenitors and its expression decreases with their delamination from the neural tube. Stabilization of p53 protein using a pharmacological inhibitor of its negative regulator, MDM2, resulted in reduced SNAIL2 (SLUG) and ETS1 expression, fewer migrating CNC cells and in craniofacial defects. By contrast, electroporation of a dominant-negative p53 construct increased PAX7 + SOX9 + CNC progenitors and EMT/delamination of CNC from the neural tube, although the migration of these cells to the periphery was impaired. Investigating the underlying molecular mechanisms revealed that p53 coordinates CNC cell growth and EMT/delamination processes by affecting cell cycle gene expression and proliferation at discrete developmental stages; disruption of these processes can lead to craniofacial defects.
INTRODUCTION
The tumor suppressor p53 (Trp53), which has been referred to as the 'guardian of the genome', plays key roles in the prevention of tumor development (Lane, 1992) ; however, its precise roles during embryogenesis remain to be elucidated. Initial analyses of p53 knockout mice showed no overt developmental defects, although these mice developed tumors within 6 months (Donehower et al., 1992) . More recently, severe gastrulation defects have been observed in p53-deficient Xenopus embryos (Cordenonsi et al., 2003) . It appears that repression of p53 is required to promote an ectodermal identity at the expense of a mesodermal cell fate (Sasai et al., 2008) . In the mouse, the p53 family members p63 and p73 (Trp63 and Trp73) are expressed in early embryos and are likely to compensate for the loss of p53, whereas in frogs p53 is solely responsible for early embryogenesis (Stiewe, 2007) .
In addition to the known functions of p53 in the prevention of tumor development by promoting growth arrest and apoptosis, growing evidence suggests that p53 also functions as a regulator of cell differentiation (Almog and Rotter, 1997; Zambetti et al., 2006) . For example, cell culture studies have established that during myogenesis p53 plays a role in regulating the cell cycle and muscle gene expression (Cam et al., 2006; Molchadsky et al., 2008; Porrello et al., 2000; Soddu et al., 1996) . Furthermore, p53 is involved in muscle stem cell behavior and muscle atrophy (Schwarzkopf et al., 2006) . Several studies in the mouse have shown that some p53 null embryos display diverse craniofacial abnormalities, such as exencephaly, which is a severe midbrain defect (Armstrong et al., 1995; Sah et al., 1995) . As developmental processes and apoptosis are highly intertwined and p53 is a major regulator of apoptotic programs, it is highly likely that p53 deficiency would result in impaired development. Indeed, more recently, p53 was shown to play a major role in Treacher Collins syndrome (TCS), a congenital haploinsufficiency disorder in humans that arises from mutations in the TCOF1 gene: in the absence of one Tcof1 allele in the mouse, upregulation of p53-related apoptotic genes in neural crest progenitors leads to severe craniofacial defects (Jones et al., 2008) . p53 and Mdm2 (a negative regulator of p53 and also its direct target) are expressed in the neural tube and in neural crest cells (Daujat et al., 2001; Krinka et al., 2001 ). Recently, it was shown that the homeodomain transcription factor Pax3 regulates neural tube closure, which is required for proper craniofacial development by inhibiting p53-dependent apoptosis (Morgan et al., 2008; Pani et al., 2002) . Along these lines, it was previously shown in Xenopus that Pescadillo, a multifunctional nuclear protein involved in neural crest cell migration, inhibits p53 activity to prevent CNC apoptosis (Gessert et al., 2007) .
Craniofacial development is a tightly orchestrated process that requires the contribution of various embryonic cell types. Cranial neural crest (CNC) cells give rise to most of the vertebrate skeletal system, including bones, cartilage and connective tissues in the face (Helms et al., 2005) , whereas facial muscles originate from diverse head mesoderm lineages (Tzahor, 2009) . CNC and mesoderm cells maintain intimate functional and regulatory relationships during craniofacial development (Trainor and Krumlauf, 2001) . Head muscle precursors migrate into the branchial arches (BAs, also known as pharyngeal arches), which are the templates of the adult craniofacial structures. Within the BAs, CNC cells surround the muscle anlagen in a highly organized fashion (Noden, 1983a; Noden, 1983b; Trainor and Tam, 1995) . Mesoderm-derived muscle cells fuse in a highly coordinated manner to form a myofiber, which is attached to a specific CNC-derived skeletal element through CNC-derived connective tissue. CNC cells are thought to be involved in the patterning of the head musculature (Noden and Trainor, 2005) . We previously demonstrated that head muscle patterning and differentiation are governed by the interaction of head muscle progenitors with the adjacent CNC cells (Rinon et al., 2007; Tzahor et al., 2003) . Therefore, CNC cells impose anatomical features of the musculoskeletal architecture upon their neighbors (Grenier et al., 2009; Heude et al., 2010; Rinon et al., 2007; Tokita and Schneider, 2009) .
Neural crest development and, in particular, the delamination of neural crest cells from the neural tube, involve an epithelialmesenchymal transition (EMT), during which epithelial cells are converted into migratory mesenchymal cells (Sauka-Spengler and Bronner-Fraser, 2008) . The dorsal neural folds contain premigratory CNC cells that express 'neural crest specifier' genes, such as members of the Sox and Snail families. Following EMT, and prior to their differentiation, these cells migrate to distinct regions of the developing embryo (Acloque et al., 2009) . EMT is characterized by cytoskeletal changes, breakdown of the basement membrane, cell ingression and migration through the extracellular matrix (ECM). Thus, EMT causes cells to acquire invasive properties.
A key step in the initiation of CNC cell migration from the neural tube is the decrease in cell-cell adhesion that occurs when components of cell junction complexes, such as cadherins, are downregulated (Shoval et al., 2007; Taneyhill et al., 2007; Tucker et al., 1988) . Currently, it is thought that cranial and trunk neural crest cells employ distinct subcellular mechanisms to initiate EMT, invade the ECM and migrate (Yang and Weinberg, 2008) . Importantly, reactivation of the steps that lead to EMT during embryonic development is seen during tumor progression (Acloque et al., 2009; Le Douarin and Kalcheim, 1999; Yang and Weinberg, 2008) . Hence, EMT is considered the first step in the metastatic cascade. The transcriptional repressors Snail (Snai1) and Snail2 (Slug or Snai2) contribute to cancer progression by mediating EMT, resulting in inactivation of p53-mediated apoptosis (Kurrey et al., 2009) . A link between p53 and Snail2 has been established, such that Snail2 functions downstream of p53 in hematopoietic progenitors to circumvent p53-induced apoptosis (Wu et al., 2005) .
In the present study, we used both mouse and chick models to study the role of p53 in craniofacial development. Analysis of p53 null mouse embryos showed that both CNC-derived tissues (e.g. bones and sensory neurons) and skeletal muscles are mispatterned. In the chick, p53 is expressed in CNC progenitors, and its expression decreases with their delamination from the neural tube. To investigate the role of p53 in CNC progenitors, we performed both gain-and loss-of-function experiments. Stabilization of the endogenous p53 protein by Nutlin-3 (which inhibits MDM2 activity) or by electroporation of wild-type (wt) p53, reduced the expression of the CNC regulators SNAIL2 and ETS1 and, as a consequence, affected craniofacial development. Loss of p53 activity by the misexpression of a dominant-negative form of p53 in these cells resulted in elevated expression of the CNC markers PAX7, SOX9 and ETS1, presumably augmenting CNC progenitors in the neural tube. Notably, CNC cells failed to leave the neural tube. Furthermore, we provide evidence that p53 acts as a cell cycle/cell growth regulator in distinct CNC progenitor pools to fine-tune EMT-driven delamination. Our findings shed light on the dynamic, non-apoptotic roles of p53 during early CNC development.
MATERIALS AND METHODS

Chick embryos
Fertilized white eggs from commercial sources were incubated for 1-7 days at 38.5°C in a humidified incubator to Hamburger-Hamilton stage (St.) 3-30 (Hamburger and Hamilton, 1992) .
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed using digoxigenin (dig)-labeled antisense riboprobes synthesized from total cDNA as described (Harel et al., 2009; Tirosh-Finkel et al., 2006) .
Mouse lines
Myf5-nlacZ mice (Myf5 nlacZ/+ ) (Tajbakhsh et al., 1996) were bred and maintained on a C57B background. p53 heterozygous mice were obtained from Jackson Laboratories and were used for creating p53 knockout (p53 -/-) mice. All mice were maintained inside a barrier facility, and experiments were performed in accordance with Weizmann Institute of Science regulations for animal care and handling.
Sectioning and immunohistochemistry
Embryos were fixed in 4% paraformaldehyde (PFA), embedded in paraffin and sectioned at 10-15 m using a Leica microtome. For frozen sections, embryos were fixed with 4% PFA, washed and rocked overnight with 20-30% sucrose, embedded in OCT and sectioned at 10 m using a Leica cryostat. Sections were blocked with 5% whole goat serum in 1% bovine serum albumin in PBS, prior to incubation with primary antibody. We used the following primary antibodies: BrdU (G3G4; 1:100), myosin heavy chain (MHC; MF20; undiluted), neurofilament (NF; 2H3; 1:20), Col2a (Col2a1; 1:40), Snail2 (1:20), Pax7 (undiluted) (all from DSHB, University of Iowa); phospho-histone H3 (pHIS3; 1:400), activated caspase 3 (1:50) (both from Santa Cruz Biotechnology); HNK1 (1:80; DSHB); chick p53 (undiluted; from V.R. lab); and Sox9 (1:1000; generous gift of Dr Robin Lovell-Badge, NIMR, London, UK). Cy2-, Cy3-and Cy5-conjugated anti-mouse or antirabbit IgG secondary antibodies (Jackson Labs) were diluted 1:100.
Cell proliferation assay
Embryos grown in New cultures (see in ovo electroporation, below) were incubated to the indicated stage. Then, 100 l 10 mM 5Ј-bromo-2Ј-deoxyuridine (BrdU) were added for 1 hour at 37°C and embryos fixed and processed for cryostat sectioning. Selected sections were washed with PBS, incubated in an HCL:PBS (1:7) solution for 30 minutes at 37°C, washed with 0.1 M borate buffer (pH 8.5) and immunostained with anti-BrdU as described above.
Cell culture
Primary mouse embryonic fibroblasts were derived from p53 +/+ and p53 -/-sibling embryos and maintained in DMEM supplemented with 10% fetal calf serum and antibiotics. For Nutlin-3 treatment, subconfluent cell cultures were treated with Nutlin-3 (Alexis Corporation) at a final concentration of 25 M for 24 hours. The 10 mM stock solution was prepared in DMSO.
Quantitative real-time PCR (QRT-PCR)
Total RNA was isolated using the RNeasy Kit (Qiagen) according to the manufacturer's protocol. A 2 g aliquot of total RNA was reverse transcribed using MMLV reverse transcriptase (Promega) and random hexamer primers. QRT-PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems) on an ABI 7300 instrument (Applied Biosystems). Values were normalized to an Hprt housekeeping control.
In ovo electroporation, plasmids and pharmacological reagents
A New culture-based electroporation system using an ECM830 apparatus (BTX) was used to introduce the different plasmids (Nathan et al., 2008) . For electroporation, we used two pulses of 6V for a duration of 25 milliseconds. In brief, St. 4-8 chick embryos were soaked with PBS on Whatman filter paper and then inserted between charged electrodes in a special chamber filled with buffer. Next, we microinjected the indicated vector using a capillary to the future CNC (St. 4) or the neural tube lumen (St. 8). Embryos were then placed in small nutrient agar plates and left to develop in the incubator to the desired developmental stage. In some cases, GFP was targeted to one side, while the contralateral side served as an internal control. In the gain-of-function experiments, wt p53 and 10 mM Nutlin-3 (the pharmacological inhibitor of Mdm2) were used; DMSO was used as a control reagent at the same dilution (0.25%). A human wt p53 sequence was PCR amplified and cloned using BamHI sites into a pCAAGS-GFP-based vector (pCAB). The DNA sequence encoding the putative N-terminus of p53 was PCR amplified and subcloned using XhoI and ClaI sites into a pCAAGS vector to create DNp53.
Time-lapse microscopy
An assembled inverted fluorescent microscope (Nikon ECLIPSE 90i) with a cooled CCD camera and a semi-automated temperature-controlled chamber was coupled with a software-controlled acquisition system (Image-Pro AMS version 6.0; Media Cybernetics). Captured images were analyzed by Adobe Photoshop and Image-Pro AMS software.
Skeletal preparation
Cartilage and bones of mouse embryos were visualized after staining with Alcian Blue and Alizarin Red S, respectively (Sigma); clarification of soft tissues was obtained using KOH.
Statistical analysis
Data were analyzed using Student's t-test to compare two groups. The results are presented as mean ± s.e.m.
RESULTS
p53 null mouse embryos display musculoskeletal craniofacial abnormalities
It has been reported that a small percentage of p53 null embryos suffer from abnormal craniofacial development (Armstrong et al., 1995; Donehower et al., 1992) , although the skeletal muscle phenotype of these mutants has not been thoroughly investigated.
To clarify whether p53 is involved in patterning the craniofacial musculoskeletal system in the mouse, we first performed in situ hybridization for p53 during embryogenesis at E8.75-16, and revealed its prominent expression in CNC-derived tissues . Next, we analyzed p53 expression at E13-16 in the myogenic reporter mouse line Myf5 nlacZ/+ (Tajbakhsh et al., 1996) to follow its expression in muscle progenitors. p53 was predominantly expressed in CNC cells and in various CNC-derived tissues, such as the sensory ganglia primordia (Fig. 1E ) and molar teeth (Fig.  1F ). By contrast, p53 expression in head muscles (e.g. eye muscles and masseter) was hardly detectable (see Fig. S1 in the supplementary material).
Because Sox genes are major regulators of craniofacial development (Hong and Saint-Jeannet, 2005) , we first examined Sox9 (data not shown) and Sox10 expression in control and p53 null mouse embryos. Sox10 was significantly downregulated in p53 mutants, suggesting that CNC development was altered in these mutants (Fig. 1G,GЈ) . In contrast to the Sox genes, the expression of Twist and Zeb2 (RNA) and Pax7 (protein), as well as the levels of the proliferation marker phosphohistone H3, were not significantly changed in the p53 null mouse embryos (data not shown).
To gain additional insights into craniofacial development, we examined skeletal elements (bones and cartilage) in control versus p53 null embryos (including those with exencephaly phenotypes). Alcian Blue/Alizarin Red staining for cartilage and bone was performed at E15-16. In p53 null embryos, we observed a reduction in the mass of the frontal and parietal bones (red staining); these two bones were completely lost in the exencephaly 1829 RESEARCH ARTICLE p53 regulates neural crest development embryos. Note that p53 is expressed outside the muscle anlagen at E13 (E), although at E16 it is faintly detected in head skeletal muscles [mastication (e.g. masseter) and extraocular muscles] (F) (see Fig. S1B -D in the supplementary material). (G,GЈ) Section in situ hybridization for Sox10 on E9.5 mouse embryos. Sox10 is substantially reduced in p53 null embryos (n3/3). (H-JЈ) Skeletal staining of E15-16 mouse embryos with Alizarin Red (bones) and Alcian Blue (cartilage). p53 null embryos show diverse changes in their skeletal development compared with wild-type embryos. Note the reduction in frontal (fr; HЈ; n2/8) and parietal (pa; IЈ; n6/6) bone mass and their complete loss in exencephaly (Exen) mutants (JЈ; n3/3). Lateral views (A-D,H-J), frontal sections (E,F) and transverse sections (G,GЈ) are shown. ba, branchial arch; ht, heart; pn, paranasal; tri, trigeminal ganglia; ma, masseter; mt, molar tooth; t, tongue; nt, neural tube. mutant (Fig. 1H-JЈ) . We also found abnormal patterning of the sensory ganglia surrounding the extraocular muscles, as revealed by immunostaining for cranial sensory neurons (see Fig. S1 in the supplementary material). We next examined head muscle patterning in p53 null embryos at E15-16, again observing varying degrees of patterning defects, including MHC expression in the extraocular muscles around the eye and within the mastication muscles (see Fig. S1 in the supplementary material). In summary, our detailed craniofacial examination of p53 null embryos uncovered broad, albeit subtle, patterning defects in neuronal, skeletal and muscle tissues in the mouse.
p53 is expressed in neural crest progenitors in the chick The subtle craniofacial defects in the neural crest and muscle lineages in p53 mutants might reflect a low penetrance resulting from the genetic robustness of embryogenesis in mammals. To further explore the function of p53 in vertebrates, we utilized the avian embryonic system, in which defined spatial and temporal manipulations might reveal novel functions of this protein. To this end, we performed whole-mount in situ hybridization and immunohistochemistry on transverse sections of St. 8-11 chick embryos (Figs 2 and 3). p53 and CDM2 (a chick Mdm2 homolog) were expressed in the developing neural tube, including its most dorsal tips, where CNC cells reside ( Fig. 2 ; note the expression of the known CNC markers SNAIL2, SOX9 and ETS1). At later stages (after St. 10), a gradual decay of p53 was observed in the midbrainforebrain region, at the dorsal neural tube (Fig. 2D) . Hence, p53 is downregulated in CNC cells, whereas SNAIL2, SOX9 and ETS1 are highly expressed when CNC cells delaminate and migrate from the neural tube to the periphery (Fig. 2D-T) .
Immunostaining for p53 protein confirmed that it is expressed at the dorsal tips of the neural tube (Fig. 3C ,G,GЈ), whereas SOX9 is restricted to the CNC (Fig. 3B,F,FЈ) . p53 expression was considerably reduced in migrating CNC cells (Fig. 3C ,G,GЈ), although some of these cells expressed both SOX9 and low levels of p53 (Fig. 3D,H,HЈ ). These observations in the chick prompted us to investigate a possible role for p53 during early CNC formation.
Upregulation or stabilization of p53 in the cranial neural tube reduces CNC delamination and promotes neural tube defects in chick embryos
The downregulation of p53 in migrating CNC cells (Figs 2 and 3) suggested that the inhibition of p53 is crucial for their delamination and/or migration to the periphery. We therefore tested whether increased p53 levels would affect these processes, utilizing the electroporation technique to misexpress wt p53. Since p53 regulates distinct cellular processes (e.g. cell cycle arrest and/or apoptosis), we first titrated the plasmid concentration to avoid growth and apoptotic defects (data not shown). Overexpression of p53 at these stages resulted in a reduction in the number of CNC cells migrating to the first BA, as compared with GFP-electroporated control embryos (data not shown). Furthermore, wt p53 repressed ETS1 expression (see Fig. S2A in the supplementary material) .
Since we observed increasing amounts of apoptotic cells within the neural tube upon wt p53 electroporation (data not shown), we next stabilized the protein at St. 8-13 using Nutlin-3, a well-defined pharmacological inhibitor of CDM2 binding to p53 (Vassilev, 2007) (Fig. 4) . As a consequence, the p53 protein was stabilized in both the neural tube and in delaminating CNC cells of Nutlin-3-treated embryos, as evidenced by the elevated levels of p53 staining (Fig. 4AЈ, quantified in 4D ) compared with DMSO-treated controls (Fig. 4A) . Importantly, apoptosis was not induced in Nutlin-3-treated embryos (data not shown). Whereas immunostaining indicated comparable amounts of SOX9 in control and treated embryos, SNAIL2 was downregulated in response to Nutlin-3-induced p53 stabilization (Fig. 4B-CЈ, quantified in 4DЈ) .
Next, we used in situ hybridization to test how the stabilization of p53 affected SNAIL2 and ETS1 expression (Fig. 4E-IЈ with ETS1 to enable delamination of neural crest cells from the neural tube, specifically in the head region (Theveneau et al., 2007) . We noted that the levels of stabilized p53 at St. 8-9 did not affect the expression of SNAIL2 (Fig. 4EЈ ) and ETS1 (data not shown). At later stages (after St. 9), however, p53 stabilization caused a gradual reduction in the mRNA levels of these genes ( RT-PCR analysis revealed a slight reduction in the CNC markers SOX10, PAX7, SNAIL2 and TWIST in Nutlin-3-treated neural tubes versus those of control (DMSO-treated) embryos (Fig. 4J) . Next, we explored the long-term consequences of a reduction in SNAIL2 and ETS1 for craniofacial development in E6-7 chick embryos following treatment with Nutlin-3. These embryos were characterized by major defects in neural tube closure, brain and eye development and overall growth compared with controls (Fig. 4K) . By contrast, trunk regions, including the fore-and hindlimbs, developed largely normally. Furthermore, Nutlin-3-treated embryos displayed muscle patterning and differentiation defects compared with DMSO-treated controls (see Fig. S3 in the supplementary material). In these experiments, we detected hardly any changes in cartilage-derived CNC elements [e.g. in the interorbital septum and Meckel's cartilage (immunostained in red) and in the ECM protein collagen 2a (COL2A) (see Fig. S3 in the supplementary material) ]. These findings in the chick suggest that p53 negatively regulates SNAIL2/ETS1 during neural tube closure stages. We suggest that p53 levels in CNC progenitors are reduced to allow SNAIL2/ETS1-dependent CNC delamination from the neural tube.
Dominant-negative p53 affects CNC proliferation, delamination and migration
In order to gain further insights into the molecular mechanism underlying p53 involvement in CNC development in the chick, we used a dominant-negative form of p53 (DNp53) (Ossovskaya et al., 1996) that lacks its oligomerization domain, thereby inhibiting the DNA-binding activity of the endogenous protein. The p53 loss-offunction effect of this construct was demonstrated in a p21 (Cdkn1a) promoter assay in WI-38 human lung fibroblasts as well as by its attenuation of p53-dependent apoptosis in vivo (see Fig.  S4 in the supplementary material) .
To investigate the role of p53 in CNC development, we electroporated DNp53 into St. 3-4 chick embryos and analyzed them at St. 11 (Fig. 5) . Strikingly, the number of PAX7 + and SOX9 + cells was doubled in the DNp53-electroporated half of the neural tube (green) and in migrating CNC cells, as compared with the contralateral side ( Fig. 5A-F , quantified in 5G). The results of further experiments to test whether the increase in PAX7 + and SOX9 + cells affects CNC specification or proliferation were consistent with increased cell proliferation induced by DNp53 (Fig.  5H-M, quantified in 5N ). This result is consistent with the fact that SNAIL2 (mRNA and protein) expression levels were unchanged (data not shown).
To test how the increase in cell proliferation caused by DNp53 might affect CNC delamination and migration, we electroporated DNp53 into St. 9 embryos (Fig. 6) . ETS1 was upregulated in the dorsal neural tube, compared with control embryos (arrowheads in Fig. 6A-DЈ) . These findings indicate that although CNC cells seem to initiate EMT (PAX7, SOX9 and ETS1 expression), they lack the ability to migrate from the neural tube. To further explore the dynamic migratory behavior of CNC cells in vivo, we used timelapse microscopy. This dynamic live cell analysis corroborated our findings that a large proportion of midbrain-forebrain CNC cells fail to delaminate from the neural tube upon DNp53 electroporation, as compared with control GFP-electroporated embryos (Fig. 6E-HЈ) . Whereas all GFP-labeled control cells left the neural tube within 7 hours post-electroporation, many of those that were electroporated with DNp53 remained trapped in the dorsal neural tube (compare Fig. 6H with 6HЈ) .
Taken together, this loss-of-function approach uncovered possible roles for p53 in the coordination of CNC delamination (ETS1 expression) and/or migration (time-lapse analysis), although we cannot distinguish between these cellular activities. These dynamic regulatory roles for p53 in early CNC development could account for the onset of craniofacial defects in the p53 mutants.
p53 coordinates cell cycle progression at the onset of CNC delamination
To gain further insights into the role of p53 during neural crest development, we focused on its effects on cell growth. We first investigated the proliferative state of epithelial cells (~St. 8) and delaminating CNC cells (~St. 10; see such indication for CNC progenitors. Furthermore, it was shown recently that only a fraction of CNC cells proliferate at the delamination/EMT stages (Theveneau et al., 2007) . We observed increased numbers of proliferating cells between St. 8 and St. 10, coupled with increasing levels of SOX9 and SNAIL2 (see Fig. S5 in the supplementary material).
Next, we studied the effect of Nutlin-3 on the proliferation status and delamination/EMT of CNC cells (Fig. 7) . Nutlin-3 treatment resulted in a reduction of BrdU + CNC cells and delaminating cells (~22%), consistent with the downregulation of SNAIL2 ( Fig. 7A-E ; see also Fig. 4CЈ,DЈ) . To clarify these findings, we performed gene expression analyses for several cell cycle regulators by in situ 1833 RESEARCH ARTICLE p53 regulates neural crest development + cells (GFP, white) failed to delaminate from the midbrain-forebrain region during the experiment (420 minutes; arrowheads in EЈ,FЈ,GЈ,HЈ; n5), as compared with the complete delamination and migration of control cells (arrowheads in E-H; n4). Dorsal views, anterior to the right. mb, midbrain; fb, forebrain. Scale bar: 100m.
hybridization and RT-PCR. At St. 8-10, p21, p27 (CDKN1B), cyclin D1 (CCND1) and cyclin D2 (CCND2) could hardly be detected (data not shown); however, cyclin G1 (CCNG1), which is known to be a p53 target (Jones et al., 2008) , and MYCN were found to be expressed during these stages (Fig. 7G-HЉ) . Stabilization of p53 in CNC cells slightly upregulated CCNG1 and reduced MYCN expression (Fig. 7F,IЈ,JЈ) . Collectively, these findings suggest that p53 coordinates cell cycle progression with EMT in CNC progenitors.
In order to obtain a general and unbiased view of the potential involvement of p53 in neural crest and EMT genetic programs, we compared the expression of cell cycle , neural crest and EMT markers by QRT-PCR analysis in mouse embryonic fibroblasts (MEFs) derived from p53 wt (p53 +/+ ) and knockout (p53 -/-) mice (Fig. 8A,B) . MEFs obtained from embryos 13.5 days post-coitum represent a heterogeneous population of primary adherent cells with variable differentiation capacity (Molchadsky et al., 2008) . We tested the effect of Nutlin-3 treatment on these MEFs in order to obtain insights into the p53-independent (presumably Mdm2-dependent) effects of this drug. As a positive control, we verified that the classical p53 targets Mdm2, p21 and Ccng1 are downregulated, whereas Mycn is upregulated, in p53 null as compared with control MEFs (Fig. 8B ).
Nutlin-3 induced Mdm2, p21 and Ccng1 expression in the control MEFs but not in p53 null MEFs, whereas Mycn was repressed by Nutlin-3 (Fig. 8B) . Consistent with our in vivo data in the chick, the neural crest/EMT markers Sox9, Snail1 and Snail2 were upregulated in p53 null MEFs, whereas Sox10 was reduced (Fig. 8B and Fig. 1 ). Stabilization of p53 by Nutlin-3 repressed all these genes, including Twist and Zeb2 (data not shown), in line with the idea that p53 antagonizes EMT in the mouse. Taken together, this in vitro analysis supports our finding that loss of p53 facilitates neural crest/EMT gene expression, presumably by affecting cell growth.
DISCUSSION
Although significant progress has been achieved in understanding the function(s) of p53 in cancer, its role(s) during embryogenesis is far less clear. There is no doubt that p53 is one of the most important proteins in the cell; therefore, its activities during embryogenesis in mammals are masked by diverse, robust redundancy mechanisms. In this study, we used p53 knockout mouse embryos, as well as dynamic perturbation approaches in chick embryos, to study p53 involvement in neural crest development, with an emphasis on EMT, a key process during embryogenesis and malignant transformation.
RESEARCH ARTICLE
Development 138 (9) Our findings reveal that p53 is downregulated in CNC cells as they undergo EMT. We show that loss of p53 promotes EMT gene expression. In p53 knockout embryos, broad craniofacial defects are seen. We also provide evidence that p53 exerts its function by regulating cell cycle progression at the onset of CNC EMT/delamination (Fig. 8C) . We suggest that p53 regulates a group of neural crest specifiers (Sauka-Spengler and BronnerFraser, 2008) , such as Snail2, Sox9, Sox10, Pax7, Ets1 and Mycn, that promote neural crest/EMT processes. The strong expression of MYCN in CNC progenitors in the chick neural tube might suggest a specific role for this gene in the regulation of CNC cell growth, downstream of p53. Interestingly, Nutlin-3 application to neural crest-derived childhood malignancy neuroblastoma cells, which contain amplified MYCN levels, results in a pronounced antiproliferative effect (Van Maerken et al., 2006) . Furthermore, p53 may be involved in other important aspects of CNC development, such as population size control of CNC progenitors. Our findings imply that conventional genetic loss-offunction studies in mice might provide an incomplete picture of dynamic biological processes such as those regulated by p53 during vertebrate embryogenesis.
p53 is expressed by CNC progenitors and is required for proper CNC development Neural crest precursors in the neural tube undergo dynamic cellular processes within a short developmental window. These cells divide extensively, both symmetrically to maintain their stem cell-like properties (i.e. self-renewal) and asymmetrically to generate specified subpopulations. Moreover, as they proliferate, these cells also undergo EMT, delamination and migration. Based on our 1835 RESEARCH ARTICLE p53 regulates neural crest development findings and the known functions of p53, we suggest that p53 acts within a regulatory network that controls CNC cell growth, EMT and delamination (Fig. 8C) .
The onset of neural crest delamination varies considerably between the head and trunk of the vertebrate embryo (BurstynCohen et al., 2004; Del Barrio and Nieto, 2004; Theveneau et al., 2007) . Snail2 (formally known as Slug) is expressed in cells undergoing EMT and in migrating CNC cells (Del Barrio and Nieto, 2004 ) (this study). It was shown recently that Ets1, a protooncogene that is specifically expressed in CNC cells, works together with Snail2 to promote CNC delamination (Theveneau et al., 2007) . We show that p53 is expressed in the neural plate and later in the neural tube, which includes CNC progenitors, although its levels decreased significantly in both populations at later developmental stages. The expression of p53 negatively correlates with that of SNAIL2 and ETS1 (Figs 2 and 3) . We show that stabilization of p53 suppresses the expression of these genes. Hence, p53 downregulation in CNC progenitors facilitates expression of SNAIL2 and ETS1, both of which are required for EMT/delamination. These findings suggest that p53 activity must be reduced before EMT/delamination of CNC cells can occur. Notably, EMT is known for its repression of another p53-dependent process, cellular senescence, which is the inability of cells to proliferate in the presence of nutrients and mitogens (d'Adda di Fagagna, 2008) .
p53 regulates CNC cell growth
It is well known that p53 promotes cell cycle arrest. Indeed, decreased p53 expression in the chick neural tube was correlated with an increase in the number of proliferating CNC cells (see Fig. S5 in the supplementary material). Furthermore, nuclear stabilization of p53 by Nutlin-3 induced the expression of CCNG1, a p53-responsive gene that inhibits cell growth (Zhao et al., 2003) , and suppressed MYCN, which is known to promote cell cycle progression (Schweigerer et al., 1990) . Likewise, in haploinsufficient mice, Tcof1 (the gene involved in TCS) leads to nuclear stabilization of the p53 protein, which, in turn, leads to activation of Ccng1 and cell cycle arrest (as well as to caspase 3-mediated apoptosis) of CNC progenitors (Jones et al., 2008) . Thus, we conclude that downregulation of p53 in CNC progenitors is required to prevent cell cycle arrest.
Inactivation of p53 induces excess cell growth, as seen in the case of exencephaly, which is often observed in p53 null mouse embryos (Armstrong et al., 1995; Sah et al., 1995) . Along these lines, we have shown that loss of p53 activity induced by DNp53 results in increased PAX7 + SOX9 + CNC cell numbers (Figs 5 and 6). Taken together, these findings suggest that p53 acts upstream of the cell cycle-related factors Mycn and Ccng1 (Fig.  7) , among others, to fine-tune cell growth and EMT/ delamination processes (Fig. 8C, right panel) . It has been proposed that p53 can inhibit cell proliferation through its role as a negative regulator of ribosome biogenesis (Jones et al., 2008) . Intriguingly, the transient activity of p53 in CNC progenitors that we observed in the chick seems to be distinct from the classical p53/p21-dependent pathway.
Blocking p53 activity by DNp53 resulted in severe defects in CNC cell migration (Fig. 6) , suggesting that CNC cells cannot properly delaminate and migrate when their growth/proliferation is perturbed. Indeed, evidence for a link between growth control and neural crest delamination/migration has been shown in both frog and chick models (Burstyn-Cohen et al., 2004; Gessert et al., 2007) .
p53-Snail2 regulatory loop
Our results suggest that p53 levels are reduced concomitantly with the upregulation of SNAIL2 and CNC EMT/delamination from the neural tube (Figs 2-4) . Recent findings indicate that p53 directly activates Snail2 by binding to its promoter following DNA damage (Wu et al., 2005) , whereas Snail2 was shown to bind and repress the E boxes within the cadherin 6B promoter to initiate neural crest EMT/delamination (Taneyhill et al., 2007) . Although Snail2 was previously shown to repress p53-mediated apoptosis (Kurrey et al., 2009) , in our studies electroporation of Snail2 had no apparent effect on p53 expression (data not shown). Moreover, a recent study has suggested that Mdm2 is a putative E3 ligase of Snail2, directing it towards proteasomal degradation (Wang et al., 2009) . This study suggests a negative relationship between p53 and Snail2 via Mdm2, whereas our findings point to the direct or indirect transcriptional regulation of Snail2 by p53 (Fig. 4) .
Snail2 and p53 play key roles during neural tube closure in many organisms, including humans (Pangilinan et al., 2008; Stegmann et al., 1999) . Indeed, we observed a large number of neural tube defects (NTDs) in our experiments (data not shown), in agreement with a role for the p53-Snail2 regulatory loop in such defects. NTDs undoubtedly affect the contribution of CNC cells to different lineages (cartilage, bones, tendons and sensory neurons). Notably, Nutlin-3 treatment did not affect Sox9 or Col2a expression, indicating normal cartilage differentiation. These results might suggest that other CNC-derived populations (e.g. connective tissues) are apparently affected by these manipulations. Furthermore, in the Nutlin-3 experiments we observed that some CNC cells were able to migrate out of the neural tube, despite the downregulation of SNAIL2 (Figs 4 and 6) ; thus, we speculate that there is a Snail2-independent EMT/delamination mechanism at work in these cells.
Manipulations of p53 affect craniofacial muscle patterning non-cell autonomously
In recent years, the regulation of head muscle patterning and differentiation by neural crest cells has been a subject of intensive research (Grenier et al., 2009; Heude et al., 2010; Noden and Trainor, 2005; Rinon et al., 2007; Tokita and Schneider, 2009; Tzahor et al., 2003) . Our craniofacial muscle analyses in chick and mouse embryos have uncovered global head muscle patterning defects in p53 KO mice. Because p53 is hardly detected in head muscle progenitors, we conclude that these muscle patterning defects are mediated non-cell autonomously by CNC cells. Future studies should probe p53-related extrinsic mechanisms in specific CNC lineages in order to clarify the cause(s) of these muscle patterning defects. Interestingly, in the chick, Nutlin-3 treatment induced pronounced muscle defects, whereas cartilage markers were less affected. Moreover, we did not observe comparable muscle patterning defects in trunk muscles, highlighting the distinct nature of the head musculature and the important role of CNC cells in head myogenesis.
In conclusion, this study revealed non-apoptotic roles for p53 during early CNC development. These p53-dependent activities affect distinct craniofacial characteristics. We suggest that p53 stands at a nodal point in the control of cell cycle progression and EMT/delamination. Obviously, these two cellular processes are not mutually exclusive, but must be tightly coordinated during embryogenesis, as well as in tumorigenesis.
